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Abstract
We investigate the changes of extreme European winter (December–February) precip-
itation over the last half millennium and show for various European regions that return
periods of extremely wet and dry winters are subject to significant changes both before
and after the onset of anthropogenic influences. Additionally, we examine the spatial5
pattern of the changes of the extremes covering the last 300 years where data quality
is sufficient. Over central and eastern Europe dry winters occurred more frequently
during the 18th and the second part of the 19th century relative to 1951–2000. Dry
winters were less frequent during both the 18th and 19th century over the British Isles
and the Mediterranean. Wet winters have been less abundant during the last three cen-10
turies compared to 1951–2000 except during the early 18th century in central Europe.
Although winter precipitation extremes are affected by climate change, no obvious con-
nection of these changes was found to solar, volcanic or anthropogenic forcing. How-
ever, physically meaningful interpretation with atmospheric circulation changes was
possible.15
1 Introduction
The most prominent aspect of climate change is the global warming trend during the
20th century (IPCC, 2001). Beside temperature, however, precipitation is a key climate
variable as well, as it affects both human economies and terrestrial ecosystems in
different areas of the globe (e.g. Jones and Mann, 2004; Xoplaki et al., 2004; Touchan20
et al., 2003, 2005). From a societal point of view it may be even more important than
temperature as in past centuries crop failures in central Europe were often connected to
precipitation anomalies (Pfister, 1999). Even nowadays agricultural success strongly
depends on the timely availability of water. Over the past 50 years water demand
increased strongly as a consequence of the increase of wealth and irrigation, changes25
in lifestyle, and population growth and is expected to further increase in the future.
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Precipitation trends have been observed on both global and hemispheric scales dur-
ing the 20th century, which may influence future water supply (Easterling et al., 2000;
Folland et al., 2001; Mann, 2002; Cullen et al., 2002; Touchan et al., 2003, 2005; Xo-
plaki et al., 2004). Additionally, water vapour is the most important greenhouse gas and
has a strong feedback mechanism to temperature. Hence, a key question is the future5
changes of precipitation and its extremes at different temporal and spatial scales. Mod-
elling studies allow to assess possible changes. A coupled climate model applied by
Kharin and Zwiers (2000) suggests that extreme daily precipitation will increase almost
everywhere on the globe. However, more profound understanding of the variability
of extreme precipitation may help to improve the models and to interpret the model10
results.
One way to address this question is to analyse past precipitation anomalies. Apart
from changes in the mean, changes in the variability is of great importance as the im-
pact of changes in extremes on societies is larger than in the mean (Katz and Brown,
1992; Schaeffer et al., 2005; Scha¨r et al., 2004). So far, most studies dealing with15
changes in precipitation extremes concentrated on daily data (e.g. Easterling et al.,
2000; Frei and Scha¨r, 2001; Groisman et al., 1999; Heino et al., 1999; Van den Brink
et al., 2005; Zhang et al., 2004). Xoplaki et al. (2005) investigated the change of Eu-
ropean spring and autumn temperature extremes over the last 500 years. So far, very
few studies deal with changes in European seasonal precipitation extremes (e.g. Luter-20
bacher et al., 2006).
For the understanding of the climate system, it is crucial to investigate seasonal ex-
tremes rather than annual extremes as each season has its specific dynamics and
also the impacts on the society are season-specific. Central and northern European
precipitation extremes in summer affect harvests (Pfister, 1999), while in the Mediter-25
ranean region winter precipitation is paramount for water availability over the whole
year (Xoplaki, 2002; Xoplaki et al., 2004). Moreover, European winter precipitation can
be linked to large-scale circulation, which may help to improve our understanding of
the climate system (e.g. Xoplaki et al., 2004; Pauling et al., 2006) whereas summer
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precipitation is more local and reconstructive skill is lower for that season (Pauling et
al., 2006).
A key issue of the present study is whether extremely dry or wet anomalies aver-
aged over Europe and subregions have become more extreme in recent decades in
the context of the last few centuries. A similar analysis has been performed for the5
Mediterranean area over the last 500 years (Luterbacher et al., 2006) and European
spring and autumn temperature (Xoplaki et al., 2005). In a first step, we present recent
precipitation anomalies and compare them with historical analogues. Further, return
values of extremely wet and dry winters are estimated and the significance of their
changes over the last 500 years is assessed (Paeth and Hense, 2005; Xoplaki et al.,10
2005; Luterbacher et al., 2006). As climate change may differ regionally, we perform
the analyses on a gridpoint basis (0.5◦×0.5◦ resolution, see below) with special re-
gard to anomalies during the recent decades (which were presumably influenced by
anthropogenic forcing) and seasonal extremes during earlier periods.
This work is structured as follows: Section 2 describes the data and the methods. In15
Sect. 3 the results are presented, in Sect. 4 they are discussed and in Sect. 5 some
conclusions are drawn.
2 Data and methods
For our analyses we use the precipitation reconstructions from Pauling et al. (2006).
This dataset is seasonally resolved back to 1500 covering all European land ar-20
eas (30◦W–40◦ E/30◦N–71◦N) on a 0.5◦×0.5◦ grid. It has been developed using
precipitation-sensitive proxies including long instrumental series, indices based on doc-
umentary evidence and natural proxies (tree-rings, ice cores, coral and speleothem
data). These proxies served as input to a Principal Component Regression (PCR)
technique which seeks to reconstruct large-scale fields (e.g. Mann et al., 1998, 2005;25
Jones and Mann, 2004; Luterbacher et al., 2004; Bro¨nnimann and Luterbacher, 2004;
Casty et al., 2005; Rutherford et al., 2005; Xoplaki et al., 2005; Pauling et al., 2006).
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As dependent variable the Mitchell and Jones (2005) gridded precipitation dataset has
been used for calibration. Throughout our analyses we use this dataset for the 1901–
2000 period and the Pauling et al. (2006) dataset for the 1500–1900 period. This
approach allows to study seasonal precipitation patterns and extremes over whole Eu-
rope during 1500–2000. We restrict our analyses to the winter (here defined as the5
sum of December, January and February) season, as this allows dynamic interpreta-
tion and may contribute most to the understanding of the climate system. Additionally,
reconstructive skill is highest for the winter season (Pauling et al., 2006).
We define climate extremes as k-year return values (RVs) of seasonal sums of pre-
cipitation as estimated from Gamma distributions fitted to the data (Paeth and Hense,10
2005; Xoplaki et al., 2005; Luterbacher et al., 2006). The return period (RP) k associ-
ated with a given RV is defined as the inverse of the probability that the RV is reached or
exceeded assuming Gamma distribution. Seasonal precipitation is generally believed
to follow this distribution (Dunn, 2004).
To investigate the changing RPs we selected different areas with reliable reconstruc-15
tions back to 1500 (Pauling et al., 2006). Then we selected some years of the modern
(1951–2000) period that have been anomalously dry or wet. Using different subperi-
ods between 1500 and 2000 we estimated the parameters of the Gamma distribution
and calculated the corresponding RPs given specific RVs during these subperiods (Ta-
bles 1 and 2). In a second analysis, we estimated RVs for several RPs for a moving20
50-year-window over the period 1500–2000. These results provide insight in how vari-
able the recurrence of extreme seasonal winter precipitation has been over the last
500 years and in whether recent precipitation trends are unusual in the light of past
precipitation variability (Figs. 2, 3, 4 and 5).
To analyse the spatial differences of the change in RPs, we performed the following25
experiment: First, we selected all gridpoints that have reconstructive skill (Pauling et
al., 2006). Reconstructive skill is measured by the Reduction of Error (RE) values. Any
reconstruction with RE>0 can be considered as skilful (e.g. Cook et al., 1994). Second,
we determined the RVs that have a RP of 20 years for every gridpoint during 1951–
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2000 assuming Gamma distribution (the results do not significantly change if other RPs
are calculated, not shown). Third, using these RVs we estimated the RPs based on
Gamma distributions whose parameters were estimated using 50-year-periods back
to 1700. We chose periods of 50 years to ensure that 20-year-events are likely to
occur. Fourth, the significance of these changes were estimated by applying a Monte5
Carlo sampling approach (Paeth and Hense, 2005). Similar to Xoplaki et al. (2005) we
performed 1000 parametric bootstrap simulations and estimated confidence intervals
for the RV estimates. These confidence intervals are based on the standard deviation
and the quantiles of the bootstrap samples. A change of RPs significant at the 1%
level is reached if the 90% confidence intervals of the associated RVs do not overlap10
between two subperiods (Kharin and Zwiers, 2000; Park et al., 2001).
3 Results
The gridded precipitation reconstructions by Pauling et al. (2006) allow analyses of
recent and past patterns of European precipitation. To investigate possible differences
in patterns and magnitudes between recent and past winter precipitation, we select15
recent winters that were anomalously dry in various regions and compare them with
winters of the reconstruction period (1500–1900) that were drier than normal in the
same region. The left panels of Fig. 1 display the spatial distribution of recent dry winter
precipitation anomalies for northern Ireland (winter 1956: hereafter, “winter” always
refers to the year where the January falls in), southern Spain (1992), eastern Europe20
(1963) and central Europe (1973). In these regions precipitation could be reconstructed
back to 1500 with high reconstructive skill (Pauling et al., 2006). They are marked
by the black rectangles in Fig. 1. The corresponding RPs of these winters in these
regions are given in Table 1: In eastern Europe, southern Spain and northern Ireland
such dry winters are estimated to occur every 6–7 years on average during 1951–25
2000. The middle panels of Fig. 1 show the precipitation distributions of some years
of the reconstruction period that were drier than normal in the same regions, and the
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right panels show the spatial distribution of the associated RE values. They show
that the reconstructions of the presented winters are reliable over key regions such as
central and eastern Europe, southern Spain, Iceland and parts of the British Isles and
Scandinavia.
Both the years 1956 and 1684 were dry in northern Ireland (Fig. 1a and b). However,5
the precipitation pattern for the rest of Europe looks different for these years: in 1684,
central and eastern Europe experienced pronounced dryness whereas in 1956 precip-
itation amounts in that area were normal or slightly above average. The patterns differ
as well over Scandinavia while over south-western Europe and northern Africa good
agreement can be observed. The anomaly patterns for 1992 and 1521 (Fig. 1c and d)10
are similar except over the central and eastern Mediterranean. In 1992, these areas
experienced severe dryness while in 1521 precipitation reached normal amounts. Both
winters 1963 and 1743 were anomalously dry in north-eastern Europe (Fig. 1e and f).
The absolute anomaly in this region is less pronounced than in other areas because of
its relative dryness. The precipitation anomaly pattern of 1963 and 1743 is also similar15
though the Mediterranean received much more winter precipitation in 1963 than in 1743
(e.g. Xoplaki et al., 2000, 2004). On the other hand the British Isles and south-western
Scandinavia were much drier in 1963 than in 1743. The winter 1973 was dry over most
parts of Europe while the central Mediterranean and northern Scandinavia were wetter
than normal (Fig. 1g). The winter 1696 showed a similar pattern, though less regional20
details can be observed and the dry anomaly in central and western Europe was more
pronounced than in 1973 (Fig. 1h).
To sum up, the spatial distribution of the historical examples is similar to the modern
ones. This holds true for most winters and regions (not shown). On the other hand, the
historical examples seem to be unable to capture all regional details.25
Table 1 shows the estimated RPs of the same winters and regions as displayed in the
left panel of Fig. 1 for various reference periods (1500–1644, 1645–1715, 1716–1900
and 1951–2000). We divided the reconstruction period into these three subperiods as
the Maunder Minimum (1645–1715) is well-known for circulation regimes and anoma-
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lies that were different from other periods (Luterbacher et al., 2001, 2002a, b; Shindell
et al., 2001; Xoplaki et al., 2001, 2005). Comparing this period with 1951–2000 may
provide insights into the interactions of forcing factors, circulation regimes and precipi-
tation extremes.
When using the 1951–2000 reference period, the presented dry winters are expected5
to occur every 6–7 years (Table 1). Only the winter 1973 has an estimated RP of 17
years in central Europe. When referring to the 1500–1644 period, these winters were
significantly (at the 1%-level) less frequent with RPs of tens to few hundreds of years.
During the Maunder Minimum these events tended to occur more infrequently as well
except for central Europe where such dry winters are estimated to have been four10
times more frequent than during 1951–2000. In the 1716–1900 period, the change of
frequencies of dry winters is relatively small compared to 1951–2000 except in central
Europe where they were twice as probable as during the reference period 1951–2000.
Similar to Table 1, Table 2 presents the RPs for selected wet winters. They are
expected to occur every 4–8 years during 1951–2000. For almost all other reference15
periods the RPs are estimated to be significantly higher. Only the expected frequencies
of wet winters in central Europe during 1645–1900 have been comparable to 1951–
2000.
Figure 2 presents the estimated RVs of dry winter extremes in four regions (see rect-
angles in Fig. 1) with RPs of 5, 10, 20, and 50 years. These regions were selected20
for their reliable reconstructions back to 1500 (Pauling et al., 2006). The RVs are es-
timated for 50-year windows from 1500 to 2000 based on 1000 bootstrap samples,
taking into account the inaccuracy of the data (Xoplaki et al., 2005). Over northern
Ireland (Fig. 2a) the RVs gradually decreased since 1500, i.e. extremely dry winters
became more severe. Additionally, some interdecadal fluctuations can be observed.25
The RVs over southern Spain (Fig. 2b) and over north-eastern Europe (Fig. 2c) show
an overall negative trend since 1500 with superimposed interdecadal fluctuations. The
temporal evolution of the RVs in central Europe (Fig. 2d) is characterized by a strong
negative trend from 1500 to around 1720. Thereafter, the RVs increased until the early
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19th century and remained at that level. Significance estimates of these changes rela-
tive to 1951–2000 are given in Fig. 3. Over northern Ireland the RVs were significantly
different from 1951–2000 before around 1750, while over southern Spain this was the
case up to 1900 (Fig. 3a and b). Over north-eastern Europe the RVs were different
from 1951–2000 only before 1700, while over central Europe the RVs during the 16th5
century and during the period 1650–1750 differed significantly from 1951–2000 (Fig. 3c
and d).
Similar to Fig. 2, Fig. 4 displays the estimated RVs of wet winter extremes. The
RVs in northern Ireland (Fig. 4a) are dominated by a positive trend, which is enhanced
during the 20th century. Interdecadal fluctuations are superimposed. The RVs over10
southern Spain (Fig. 4b) are characterized by a peak during the second half of the
18th century and by a positive trend during the 20th century. The RVs in north-eastern
Europe (Fig. 4c) feature similar characteristics. In central Europe (Fig. 4d) the RVs
peak around 1750, suggesting severe wet extremes during that time. Another feature
is the positive trend during the 20th century. However, the RVs do not reach the levels15
of 1750. Significance estimates of these changes relative to 1951–2000 are given in
Fig. 5. All RVs are significantly different from 1951–2000 except over southern Spain
around 1800 and over central Europe during the 18th century.
To sum up, the dry winter extremes generally got more severe in the course of the
past 500 years. This holds for all investigated regions except for central Europe where20
during the Maunder Minimum dry extremes were around four times more probable
than during 1951–2000 (Table 1). In addition, strong interdecadal fluctuations are su-
perimposed on this trend (Fig. 2). The wet RVs generally increased as well over the
1500–2000 period except in central Europe where during the Maunder Minimum wet
extremes were as probable as during 1951–2000 (Fig. 4 and Table 2). Moreover, the25
RVs of different RPs vary rather synchronously over the last 500 years.
Figure 6 presents the spatio-temporal variation of RPs of dry extremes, which had
a RP of 20 years during 1951–2000. We analyse events with an estimated RP of 20
years to ensure adequate occurrence during the investigated 50-year-periods. The
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significance of changes in the displayed RPs relative to the RPs during 1951–2000 for
the regions marked by the black rectangles in Fig. 6e can be obtained from Fig. 3. As
Fig. 6 is based on the 20-year RVs, the horizontal line with the black dots in Fig. 3
(end of the analysed 50-year periods) can be used to determine the significance. We
restricted this analysis to the period 1700–2000 as earlier reconstructions lack recon-5
structive skill over many parts of Europe (except for the regions presented above).
Moreover, we only analyse gridpoints with reliable reconstructions over the 1701–1720
period (i.e. RE values larger than 0). We chose this period as benchmark because
thereafter the skill generally increases (Pauling et al., 2006).
As seen from Fig. 6a dry winters in western and eastern Europe with a RP of 2010
years during 1951–2000 occurred every 5–10 years during 1701–1750. This change is
significant at the 5% level (see corresponding black dot in Fig. 3d). On the other hand,
dry winters were less frequent over the Iberian Peninsula, south-eastern Europe and
the British Isles. The same situation persists during 1751–1800 over Europe (Fig. 6b)
except that in eastern European dry winters were less frequent. During 1801–185015
(Fig. 6c) almost over whole Europe dry winters were less frequent than during the
1951–2000 reference period. From 1851–1900 (Fig. 6d) the pattern is again very sim-
ilar to the one during the early 18th century (Fig. 6a). The same holds for 1901–1950
(Fig. 6e), although the magnitude of the changes of the RP is less pronounced.
Figure 7 displays the same analysis as Fig. 6 but for wet extremes. The significance20
of the RPs relative to the RPs during 1951–2000 for the regions marked by the black
rectangles in Fig. 7e is given by the black dots in Fig. 5. From 1701–1750 wet winters
were up to twice as probable over central Europe and parts of eastern Europe than
during the 1951–2000 period (Fig. 7a). This change is, however, not significant at the
10% level (see corresponding black dot in Fig. 5d). From 1750–1950 wet winters were25
less probable compared to 1951–2000 (Fig. 7b–e) over whole Europe. This change is
mostly significant (Fig. 5a–d).
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4 Discussion
Figure 1 presents precipitation winter anomaly maps for some selected years. They
have been chosen for their strong dry anomaly in the region marked by the black rect-
angles. Their return values are given in Table 1. The winters of 1992, 1696 and 1743
show similar precipitation distributions (Fig. 1c, f and h). The pattern is not typical for5
extreme North Atlantic Oscillation (NAO) states, as pronounced anomalies occurred
both in central Europe and in western Norway. Indeed, the NAO index revealed ar-
bitrary positive and negative anomalies for these winters (1696: +0.55; 1743: –0.01;
1992: –0.22; Luterbacher et al., 2002a). These NAO values were independently re-
constructed from the precipitation reconstructions used in this study, i.e. the two re-10
constructions share no common predictors. Hence, a different circulation regime has
caused these precipitation distributions. Large-scale sea level pressure reconstruc-
tions by Luterbacher at al. (2002b) reveal that in 1696, 1743 and 1992 central Europe
was dominated by high pressure with a strong gradient towards the north. This also
helps to explain the wet conditions in Scotland and western Scandinavia.15
The winters of 1684 and 1963, however, are typical examples of strong negative
NAO phases (Fig. 1b and e). Very dry conditions over the British Isles and south-
western Norway coincide with positive precipitation anomalies in the Mediterranean
(see also Xoplaki et al., 2001). This observation is supported by the NAO reconstruc-
tions by Luterbacher et al. (2002a): For the winter 1684 the NAO value of –2.49 was20
reconstructed and in 1963 the NAO value was –2.61. These results agree with Luter-
bacher et al. (2001) who found increased negative states of the NAO during the period
of the Late Maunder Minimum (1675–1715). Shindell et al. (2001), Luterbacher et
al. (2004) and Xoplaki et al. (2005) argue that reduced solar irradiance in combination
with volcanic activity and internal oscillations may have caused circulation changes that25
increased the influence of the Russian high which is connected to the advection of cold
and dry air masses to central Europe. However, our results suggest that strong pre-
cipitation anomalies are not always linked to negative NAO states, especially in central
167
CPD
2, 157–189, 2006
Return periods of
European winter
precipitation
extremes
A. Pauling and H. Paeth
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
EGU
Europe (see above). Using a comprehensive climate model, Yoshimori et al. (2005)
found that the influence of forcings on regional climate are often masked by unforced
internal variability. Moreover, due to the small signal-to-noise ratio of precipitation, it is
particularly difficult to extract the externally forced signal (Yoshimori et al., 2005).
To sum up, the historical patterns are consistent with present-day relationships be-5
tween precipitation and circulation and can be interpreted in a physical sense. This
holds for most of the reconstructed winter precipitation distributions (not shown). How-
ever, the spatial details of precipitation variability tend to get lost in the reconstructions
compared with the modern examples (Fig. 1). This may be due to reduced reconstruc-
tive skill over large parts of Europe during early periods of the reconstructions. Pauling10
et al. (2006) argue that a limited number of proxies probably cannot capture the full
range of spatial precipitation variability even if they are able to capture local precipita-
tion. This is especially the case if the proxies are not evenly distributed in space.
Tables 1 and 2 show the changes in RPs of the winters in the region marked by the
black rectangles in Fig. 1 (northern Ireland, southern Spain, north-eastern and central15
Europe). These areas have been selected for their high reconstructive skill back to
1500 (Pauling et al., 2006). During the 1500–1644 period extremes have occurred
less frequently than during 1951–2000. This is possibly related to reduced temporal
variability of the reconstructions. Reasons may include low numbers, reduced quality
or uneven distribution of the available predictors. Thus, it remains uncertain whether20
reduced variability during the 1500–1644 period is real. At least large fluctuations of the
variability can be observed back to 1700, a period with rather reliable reconstructions.
Comparison of the Maunder Minimum with the modern period (1951–2000) reveals
that in northern Ireland and southern Spain both dry and wet extremes occurred less
often (Tables 1 and 2). Rodrigo et al. (1999) report that in southern Spain wet and dry25
anomalies during the Maunder Minimum lie within the variability of the 20th century.
In central Europe, dry extremes were significantly more probable during the Maunder
Minimum than during 1951–2000, while there was little change concerning the wet
extremes (Tables 1 and 2). This is consistent with Luterbacher et al. (2001) who found
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for central Europe increased cold and dry winters during the Maunder Minimum.
Further uncertainty in the estimation of the RPs may stem from the assumption that
the data is Gamma distributed. Seasonal precipitation data generally follow this distri-
bution (Dunn, 2004), and the data analysed here is no exception in this respect (not
shown). However, misfits do influence the estimation of the probability of extreme5
events. On the other hand, we also calculated the RPs assuming normal distribution.
The results were very similar (not shown). In addition, the uncertainties arising from
the data and from the fit of the statistical distribution are accounted for by the Monte
Carlo sampling approach (Paeth and Hense, 2005) which was used for the calculations
of the RV changes in Figs. 2 and 4 as well as the significance estimates in Figs. 3 and10
5.
Figures 2 and 4 present estimated RVs for dry and wet extremes with different RPs
for 50-year windows over 1500–2000. Figures 3 and 5 give the associated significance
estimates relative to 1951–2000. A prominent feature is the increase of the RVs of
wet extremes and the decrease of the dry RVs during the 20th century. This implies15
increased variability. The crucial question is if these features are real climate or merely
statistical artefacts. Low variability back in time can be related to predictors that do not
capture the full range of spatial and temporal variability (see above). The well-marked
breakpoint at 1900 in Fig. 4c may be related to this as at that time the reconstructions
end and the gridded data by Mitchell and Jones (2005) are used. However, RVs and20
RPs do change significantly over time as shown by the last 300 years of the recon-
struction (Figs. 3, 5, 6 and 7) at locations with high reconstructive skill. Additionally, the
fluctuations of the dry RVs for central Europe (Fig. 2d) are in line with Pfister (1999)
who found comparable dry and cold extremes in Switzerland to be non-existent from
1496–1566, while they occurred rarely during the following 110 years and regularly25
from 1676–1895. This is supported by Wanner et al. (1995) who report that cold winter
extremes were particularly frequent during the Late Maunder Minimum. These obser-
vations based on documentary evidence are largely coherent with the graphs in Fig. 2d
and support the conclusions that the curves reflect some realistic aspects of long-term
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climate variability. However, indices derived from the documentary evidence have also
been used in the reconstructions, hence, they are not independent.
The change in wet RVs in northern Ireland and north-eastern Europe is highly signifi-
cant during the 19th and 20th century (Fig. 5a and c). Back to 1800 the reconstructions
are based mainly on instrumental measurements (Pauling et al., 2006). Hence, we ar-5
gue that the observed change for the last 200 years is real. This is supported by the
results from southern Spain where the wet RVs between 1750 and 1800 (Fig. 4b) were
not significantly different from the late 20th century (Fig. 5b). However, between 1800
and 1950 they are different from 1951–2000 (Fig. 5b). This suggests that recently
observed RVs are not exceptional for southern Spain.10
As seen from Figs. 2 and 4, the range of the RVs during the 16th century was rather
small in all regions. From a dynamical point of view it is not likely that variability was
reduced for such a long period. The reconstructions for the 16th century rely on only
few and not evenly distributed predictors (Pauling et al., 2006). Hence, we argue that
the relatively moderate extremes during the 16th century are related to effects during15
the reconstruction process rather than to real climate changes.
Figures 2d and 4d reveal that extremes became more and more severe in the course
of the Maunder Minimum, which implies increasing variability. It is well known that
during that period the influence of the Russian high increased during some winters
which led to persisting advection of cold and dry continental air (e.g. Wanner et al.,20
1995; Luterbacher et al., 2001, 2002b, 2004; Xoplaki et al., 2001; Shindell et al., 2001;
Jacobeit et al., 2003). On the other hand, also wet winters appear to have recurred
(Fig. 4), leading to the observed increase in the year-to-year variability of precipitation.
The physical mechanism leading to this change is not completely understood. Shindell
et al. (2001) conclude from modelling studies that low solar irradiance forces the NAO25
toward the low index state. Wanner at al. (2000) argue that sea surface temperatures
(SSTs) may have been high in the north Atlantic promoting high pressure over the
Atlantic which helped block the westerlies and facilitate the advection of cold and dry
continental air to central Europe. Luterbacher et al. (2001) and Shindell et al. (2001)
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further suggest that increasing solar irradiance at the end of the Maunder Minimum
might lead to a strengthening of the NAO through complex interactions between the
troposphere and stratosphere, and thus to a general continental warming and wetter
conditions in northern Europe.
Figures 6 and 7 provide a spatially detailed view of the changes in the RPs back to5
1700. Data before that date was not used as reconstructive skill is low in many parts
of Europe. Additionally, only areas with reconstructive skill during the 1701–1720 pe-
riod are considered (therefore the white areas over parts of Europe). Figure 6 shows
that most of western Europe has experienced more frequently dry extremes back to
1700 compared to 1951–2000 except during the first part of the 19th century. How-10
ever, only the 1701–1750 period was significantly different from 1951–2000 (see black
dots in Fig. 3d). Other regions such as Iceland, western Norway, parts of eastern Eu-
rope and Turkey experienced less frequently dry winters. These results suggest that
the circulation changes over the last centuries affected all regions but in a different
way. While in central and eastern Europe circulation changes caused more frequent15
dry extremes during the 18th century, over most other European regions dry extremes
happened less frequently during the same period. During the 1800–1850 period the
dry extremes were less frequent than during the 18th century and the second part of
the 19th century in central Europe. This is in line with Jacobeit et al. (2001, 2003) who
found north-westerly flow over Europe to be dominant during 1830–1850. This circula-20
tion type advects moist and cold air to central Europe which may also have contributed
to the marked and well documented advances of Alpine glaciers such as the Lower
Grindelwald Glacier, Switzerland (Zumbu¨hl, 1980; Zumbu¨hl et al., 1983; Zumbu¨hl and
Holzhauser, 1988; Steiner et al., 2005a). However, less dry extremes does not nec-
essarily mean wetter conditions on average (Katz and Brown, 1992; Schaeffer et al.,25
2005) which may be more important for the mass balance of glaciers than changes in
the extremes. This argument is supported by Steiner et al. (2005b)1 who found from
1Steiner, D., Pauling, A., Nesje, A., Luterbacher, J., Wanner, H., and Zumbu¨hl, H. J.: Sensi-
tivity of European glaciers to precipitation and temperature – two case studies, Clim. Dynam.,
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a sensitivity study using neural networks that summer temperature was the dominant
factor leading to the advance of the Lower Grindelwald Glacier during the first part of
the 19th century.
As seen from Figs. 5 and 7 the wet extremes have been significantly less frequent
over all regions during all studied time periods except over central Europe during 1701–5
1750 (not significant). Hence, the suggested increase of the RVs (see Fig. 4) for the
wet years in all four regions (marked by black rectangles in Fig. 7e) is spatially coher-
ent. Interestingly, both the wet and dry extremes in central Europe were more frequent
during 1701–1750 than during 1951–2000 (Figs. 6a and 7a). During these two pe-
riods a positive trend in the NAO is observed (Luterbacher et al., 2002a). The fact10
that both the dry and wet extremes increased may be explained by the location of
this region in the transition zone of the dominating pressure systems (Icelandic low,
Azores high and Russian high). Hence, central Europe is possibly affected by only
small changes, for instance spatial displacements, of the pressure systems. This may
also help to explain the fact that increased winter wetness was spatially limited to Eu-15
ropean regions between around 45 and 50◦N (Fig. 7a). The frequent wet extremes
during 1951–2000 may indicate intensification of the water cycle as a consequence of
recent climate change. In addition, the predominantly positive NAO state during the
late 20th century may have contributed to the increased wetness over northern Europe
as well (e.g. Paeth et al., 1999). However, this contradicts the seemingly more frequent20
wet winter extremes over the Mediterranean area during 1951–2000 compared to pre-
vious periods (Fig. 7), as positive NAO states lead to increased dryness in that area
(Hurrell, 1995; Xoplaki et al., 2004). Within-mode variations are a possible reconcil-
iation (Jacobeit et al., 2003). Additionally, changes in the mean do not automatically
mean corresponding changes in the extremes (Katz and Brown, 1992; Schaeffer et al.,25
2005; Xoplaki et al., 2005). Moreover, reduced variability in the reconstruction period
for the Mediterranean area may be related to reconstruction issues such as the qualitiy,
the spatial and temporal distribution of the predictors (Luterbacher et al., 2006).
submitted, 2005b.
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Interpretation of the observed changes in extremes requires profound understanding
of the physical mechanisms. However, the link to forcing factors such as solar variabil-
ity, volcanic activity and greenhouse forcing is hard to establish (Easterling et al., 2000;
Wanner et al., 2001; Yoshimori et al., 2005). Solar activity may play a certain role as
the Maunder Minimum (reduced solar irradiance) coincides with increased precipita-5
tion variability. Still, it is not possible to distinguish between solar influence and the
inclusion of new predictors that become available during the Maunder Minimum. The
same applies for 20th century greenhouse forcing. Although extremes are influenced
by climate change, they are not suited for detection issues as they occur very rarely by
definition. Detection of trends of rare extremes requires very long time series (Frei and10
Scha¨r, 2001).
The influence of volcanic events typically persists for only 1–3 years (Robock, 2002;
Shindell et al., 2004). Hence, it is not surprising that there is no obvious connection
between volcanic events and the observed changes in the extremes, which are anal-
ysed using 50-year periods. Additionally, all possible influences by the forcing factors15
are superimposed by internal variability. The clearest interpretation of the influence
of the forcing factors is via circulation changes as proposed above. As the example
of the Late Maunder Minimum has shown, the increase of cold and dry winters due
to circulation changes have affected very much the probability of extremely dry win-
ters. These circulation changes are linked in a complex way to both solar irradiance20
and volcanoes (Shindell et al., 2001) on different time and space scales, but also to
other factors such as the distribution of sea surface temperatures (Wanner et al., 2000;
Luterbacher et al., 2001). Establishing the chain of causation is no trivial task. One
way to address this task is experiments using physical climate models, an objective for
further investigations.25
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5 Conclusions
We investigated the changes of the return periods of seasonal winter precipitation ex-
tremes over the last 500 years for various European regions using the reconstructions
by Pauling et al. (2006). Additionally, we discussed European precipitation patterns
associated with regional anomalies. Winter precipitation anomaly patterns during the5
1500–1900 period are similar to the ones we observed in the last decades, though the
amplitude may have been larger in the past.
We demonstrated that over central Europe dry winters occurred more often during
the past 300 years (except 1801–1850) with respect to 1951–2000. On the other hand,
wet winters were less frequent (except 1701–1750). Over many other parts of Europe,10
extremes happened less frequently over the last 300 years compared to 1951–2000.
Most of these changes are highly significant. By limiting our analyses spatially and
temporally to reliable reconstructed data, we minimized the bias that may stem from
reduced reconstructive skill. This increased considerably the confidence in the results
obtained.15
We discussed possible physical mechanisms to explain the observed changes of
extremes. The reasons for these changes may include internal oscillations as well
as changes in forcing factors (solar variability, volcanic events, greenhouse gases).
Further studies are needed to attribute the observed changes in extremes to forcing
factors. Additionally, similar analyses could be performed for other seasons. Also,20
comparisons with model data could further increase the confidence in our conclusions
and physical explanations.
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Table 1. Return periods of selected dry modern winters in various regions estimated using
different periods as reference. The significance levels of the changes in RPs relative to 1951–
2000 are given in brackets. For details on the significance calculations see text.
region
10–5◦W/54–56◦ N 7–1◦W/36–40◦N 26–29◦ E/55–57◦ N 5–10◦ E/47–49◦ N
year
1956 1992 1963 1973
winter precipitation amount
304mm 89mm 85mm 121mm
Reference Periods return periods (significance level)
1951–2000 7 6 7 17
1500–1644 240 (1%) 71 (1%) 201 (1%) 170 (1%)
1645–1715 10 (10%) 53 (1%) 8 4 (1%)
1716–1900 6 10 (5%) 10 (10%) 8 (10%)
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Table 2. As Table 1, but for wet winters.
region
10–5◦W/54–56◦ N 7–1◦W/36–40◦N 26–29◦ E/55–57◦ N 5–10◦ E/47–49◦ N
year
1999 1978 1982 1995
winter precipitation amount
480mm 230mm 134mm 286mm
Reference Periods return periods (significance level)
1951–2000 6 5 4 8
1500–1644 1100 (1%) 50 (1%) 230 (1%) 26 (1%)
1645–1715 113 (1%) 39 (1%) 84 (1%) 7
1716–1900 59 (1%) 9 (1%) 53 (1%) 12
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Fig. 1. European winter (DJF) precipitation anomaly maps [mm] relative to 1951–2000. The
left panels show modern winters that have been very dry in the region marked by the black
rectangles. For the return period of the modern extremes in these regions see Table 1. The
middle panels show winters taken from the reconstructions (1500–1900) that were anomalously
dry in the same region. (a), (b): northern Ireland (10–5◦W/54–56◦ N), (c), (d): southern Spain
(7–1◦W/36–40◦ N), (e), (f): north-eastern Europe (26–29◦ E/55–57◦ N), (g), (h): central Europe
(5–10◦ E/47–49◦ N). The right panels present the associated RE values.
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Fig. 2. Estimated return values of various dry extremes for 50-year windows over 1500–
2000. For details see the text. (a): northern Ireland (10–5◦W/54–56◦ N), (b): southern Spain
(7–1◦W/36–40◦ N), (c): north-eastern Europe (26–29◦ E/55–57◦N), (d): central Europe (5–
10◦ E/47–49◦ N). These areas are marked by black rectangles in Fig. 1. For significance of
the changes in the return values relative to 1951–2000 see Fig. 3.
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Fig. 3. Statistical significance of changes in extremely dry winters. All 50-year periods have
been compared against 1951–2000 for various regions. (a): northern Ireland (10–5◦W/54–
56◦N), (b): southern Spain (7–1◦W/36–40◦ N), (c): north-eastern Europe (26–29◦ E/55–57◦ N),
(d): central Europe (5–10◦ E/47–49◦ N). The black dots at the 20y-RV line mark the significance
of the changes of the RPs displayed in Figs. 6 and 7.
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Fig. 4. As Fig. 2, but for wet winters.
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Fig. 5. As Fig. 3, but for wet winters.
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Fig. 6. Spatial distribution of return periods for dry winters which had a return period of 20
years during 1951–2000. The displayed return periods are estimated using (a) 1701–1750, (b)
1751–1800, (c) 1801–1850, (d) 1851–1900, (e) 1901–1950. The black rectangles mark the
regions for which the significance is given by the black dots in Fig. 3.
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Fig. 7. As Fig. 6, but for wet winters. For significance of the changes in the regions marked by
black rectangles see Fig. 5.
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